In contrast to Lewis (LEW) and Wistar rats, black hooded (BH) rats inoculated with Borna disease (BD) virus developed neither encephalitis nor clinical disease despite persistent replication of the virus in the central nervous system. In comparison to LEW rats, production of virus-specific antibodies was significantly delayed in BD-resistant BH rats, even though identical titres were finally reached. The different susceptibility in LEW and BH rats was studied further by investigating responses of F~ hybrid animals. Although these rats developed encephalitis, they did not become sick. The differences in host responses for BD virus were found to be genetically determined but were independent of class I or class II major histocompatibility complex gene products or to genes responsible for lymphocyte differentiation.
Introduction
Borna disease (BD) is a subacute fatal neurological disease that occurs sporadically in horses and sheep in certain regions of Germany and Switzerland. The causative agent is present in relatively high concentrations in brain tissues of infected animals, and the disease can be reproduced by intracerebral (i.c.) or intranasal inoculation of infectious brain homogenates or cerebrospinal fluids (for review see Ludwig et al., 1988) . Many species, ranging from chickens to monkeys, can be experimentally infected. The clinical manifestations depend upon the host species and the virus strain used for infection. Mice and hamsters were found to be resistant to disease, despite high levels of virus persisting in the brain of the infected animals (Anzil et al., 1973; Kao et al., 1984) . Lewis (LEW) rats are highly susceptible to disease, and lesions in the central nervous system (CNS) are caused by a virus-induced T cell-mediated immunopathological reaction (Narayan et al., 1983a, b) in which CD4 ÷ cells play a major role (Richtet al., 1989 (Richtet al., , 1990 . It can be assumed that the pathogenesis of BD is based upon a delayed-type hypersensitivity reaction (for review see Rott et al., 1988) .
The investigations presented yielded evidence that in contrast to LEW or Wistar rats (Nitzschke, 1963; Narayan et al., 1983a, b; Hirano et al., 1983) , rats of the black hooded (BH) inbred strain are resistant to BD. The relative contributions of the major histocompatibility complex (MHC) and some non-MHC genes in the genetic control of the resistance were analysed.
Methods
Virus. The Giessen strain He/80 of BD virus used was originally isolated from the brain of a naturally diseased horse. The virus was passaged twice in rabbits by i.c. infection, three times in cultured foetal rabbit brain cells, and twice in newborn LEW rats by i.c. infection (Herzog & Rott, 1980) .
Rat strains.
The inbred and congenic strains used are listed in Table  1 . The BH inbred strain and the congenic strains with a BH background were described elsewhere (Wonigeit, 1979a, b; Wonigeit et al., 1979) . The designations of these strains have been adapted to the more recently introduced systematic nomenclature for alloantigens of the rat (Lubaroffet al., 1983) . RT6 and RT7 are synonymous with the previous designations RT-Ly 2 and RT-Ly 1, respectively. Segregating populations for RT6 and RT7 were typed as described by Wonigeit (1979b) . The animals were infected i.c. at an age of about 4 to 6 weeks with about 10' IDso (50~ infectivity dose). At different times postinfection (p.i.) the rats were anaesthetized and exsanguinated by heart puncture for serum collection. Samples of brain and retina were processed for infectivity tests and histological examinations.
Infectivity test. Infectivity was determined as described previously (Narayan et al., 1983b) . Briefly, freshly dispersed embryonic rabbit brain cells were mixed with equal volumes of 10-fold dilutions of brain homogenates (10 ~ w/v) and transferred onto chamber slides (Lab Tek Products) . The indicator cultures were examined for virus-specific immunofluorescence 10 days later by using BD virus antiserum.
Antibody determination. Twofold dilutions of sera were inoculated onto acetone-fixed preparations of MDCK cells persistently infected with BD virus. After incubation for 30 min at 37 °C, the cells were washed with phosphate-buffered saline and treated for 30 min with fluorescein-labeUed goat antiserum to rat IgG (Herzog & Rott, 1980) .
Histopathology and immunocytochemistry.
Brain tissue was fixed in 10~ buffered formalin and embedded in paraffin. For routine histology 5 ~tm sections were stained with haematoxylin and eosin; for immunocytochemical labelling of macrophages the monoclonal anti- body (MAb) Edl (kindly provided by Dr Dijkstra, Utrecht, The Netherlands) and for demonstration of T lymphocytes the MAb W3/13 (SeroTec) were used as described previously (Deschl et al., 1990) .
Results

Resistance of BH rats to Borna disease
In a comparative study on the susceptibility of LEW and BH rats to BD virus infection the animals of the two strains were infected i.c. at the same age and with the same virus suspension. The infection of LEW rats followed the course of the disease described previously by Narayan et al. (1983a, b) . The animals developed a persistent productive infection in the CNS which lasted throughout the observation period of 70 days. Infectivity titres of about 106 IDs0/ml were maintained after 21 days despite the development of high levels of antibodies in the sera (Fig. 1) . Infectious virus and BD virus antigens could not be found in extraneural tissues such as the parotid, submaxillary and salivary glands, pancreas, liver, lung and skeletal muscles, confirming the restriction of the infection of adult rats to neural cells (Narayan et al., 1983a, b) . The animals developed clinical signs of encephalitis and behavioural disorders between days 14 and 24. Pathological lesions in the CNS consisted of perivascular infiltrates in which macrophages and T lymphocytes ( Fig. 2 and 3) were dominant in accordance with previous findings (Deschl et aL, 1990; Richtet al., 1990) . Enlargement of cerebral ventricles began around day 50 and later developed into hydrocephalus (Narayan et al., 1983b) . In the retina infectivity titres of 105 IDs0/ml were detected around day 20. Afterwards titres decreased and fluctuated considerably from rat to rat. Infectivity was not found in the retina after day 40 (Fig. 1 ). These findings coincided with severe degeneration of retinal neurons (data not shown).
Infected BH rats presented a different picture. Infection of these animals did not lead to the manifestation of the disease, even though infectious virus persisted in the CNS with titres comparable to those found in LEW rats. Infected LEW rats developed florid inflammatory lesions in the CNS, whereas infected BH rats had only minimal histological changes. If these lesions were present they appeared as discrete foci in the brain. Similarly, degeneration of retinal neurons in BH rats were not found in spite of persistent infection of the retina with titres of about 106 IDs0/ml. Production of antibodies was significantly delayed in BH rats, although identical titres were finally reached (Fig. 1) .
To address the question of whether the genes responsible for the resistance of the BH strain are dominant or recessive, rats of the F1 (LEW × BH) generation were infected. As shown in Table 2 the histological and clinical responses to BD virus infection segregated differently in the F 1 hybrids compared to the parental strains of rats. Similarly to BH rats the F1 rats mainly of macrophages and T cells, which are also observed in L E W rats (Fig. 3) . Hydrocephalic lesions were not observed in the F1 rats. did not develop any signs of disease. Antibody production and viral replication in brain and retina followed the patterns found in LEW rats (data not shown). More surprisingly, severely inflamed areas were found, which corresponded in number and size to those found in the CNS of LEW rats (Fig. 2) . The infiltrates consisted
Role of M H C in resistance
Since the L E W and BH strains share the A and B region of the R T I system but differ in the C region of the M H C (Wonigeit et al., 1979) we questioned whether resistance is related to MHC. To this end, the RT1 congenic strains with a L E W or BH background listed in Table 3 were used. As shown in this table, the congenic strain BH. 1L (LEW), which carries the standard RT11 haplotype of L E W with the BH background, reacted to BD virus infection similarly to BH rats, i.e. they developed no adverse clinical signs and no pathological alterations in the CNS despite persistent virus replication in the CNS. On the other hand, the congenic strain LEW, 1LV3 (BH), which possesses the RT1 LV3 haplotype of BH on a LEW background, is comparable to L E W rats i n susceptibility to BD virus infection (Table 3) . These results indicate that the resistance of BH rats to BD is not dependent on the RT1 t haplotype of the BH strain.
To analyse further the potential effect of the M H C on the development of BD, a panel of RT1 congenic rat strains representing five additional RT1 haplotypes on the LEW background was tested. All animals of the rat strains listed in Table 3 with the L E W background developed BD after a similar incubation period, independent of the RTI haplotype. The incubation period and the onset of antibody production were delayed in LEW. 1F and LEW. 1K rats. The antibody titres as well as the clinical manifestation of infection were, however, similar to those of LEW rats.
Effect of the non-MHC loci RT6 and RT7 and the coat colour locus C
In addition to the RT1 C region the inbred rat strains L E W and BH differ in the lymphocyte differentiation * Diseased animals/infected animals. a n t i g e n s R T 6 and R T 7 a n d in a n u n k n o w n n u m b e r o f o t h e r n o n -M H C cell surface antigens. F o r the R T 6 a n d R T 7 systems, c o n g e n i c strains w i t h b o t h L E W a n d B H b a c k g r o u n d are available. T h e genes e n c o d i n g the R T 6 system are situated in l i n k a g e g r o u p I o f the rat in close a s s o c i a t i o n to the c o a t colour locus C ( W o n i g e i t , 1979a, b). F o r the B H . 6 . 1 c o n g e n i c strain, t w o sublines exist w h i c h differ in the C locus alleles. T h e w h o l e c h r o m o s om a l s e g m e n t b e t w e e n R T 6 a n d C was t r a n s f e r r e d into the a l b i n o line for the L E W or B H b a c k g r o u n d , w h e r e a s in the c o l o u r e d subline, only the R T 6 allele was t r a n s f e r r e d w i t h o u t the C allele ( W o n i g e i t , 1979a, b). A s seen in T a b l e 4, the rats o f all c o n g e n i c strains o f the L E W b a c k g r o u n d , i r r e s p e c t i v e o f the R T 6 o r R T 7 alleles, were susceptible to BD. The rats of the BH background were resistant irrespective of the RT6 or the RT7 alleles or the coat colour locus. These results demonstrate the wide difference in susceptibility between LEW and BH rats to BD virus infection. They also indicate that this difference is genetically determined although not influenced by the RT6, RT7 or coat colour type.
Discussion
The characteristic clinical symptoms of BD in naturally infected animals, i.e. horses and sheep, are nervousness and excitability in the initial phase which is followed by apathy, spasm and paralysis. The disease is usually fatal. However inapparent infections have been reported (Heinig, 1969) and are perhaps more common than was assumed previously (Lange et al., 1987) .
The spectrum of disease in animals experimentally infected with BD virus includes acute and chronic neurological manifestations, obesity and disturbance in fertility, behavioural alterations and clinically silent infections. These various responses occur in different species of animals. It was found in this study that animals within a single species may react differently to BD virus infection and that this difference is genetically determined. In contrast to LEW and Wistar rats which developed a similar picture of severe encephalitis (Nitzschke, 1963; Narayan et al., 1983 a, b) , BH rats were found to be fully resistant to disease following i.c. virus inoculation. Demonstration of virus replication in the brain and antibody production comparable to that seen in susceptible strains implies that the difference in susceptibility was not due to resistance to BD virus infection. These findings in BH rats resemble those found in neonatally inoculated LEW rats and in infection of mice. The failure for the development of the disease in neonatally infected rats has been demonstrated to be due to immunological immaturity (Narayan et al., 1983b) , whereas the clinically inapparent course of infection in mice (Kao et al., 1984) as well as that of BH rats cannot be explained on this basis.
The sharp difference in responses of BH and LEW rats to infection with BD virus provided a good opportunity to examine the role of host genes in the regulation of such responses seen at the histological as well as clinical levels. Since T cells were found to play a significant role in the pathogenesis of BD in LEW rats (Rott et al., 1988; Richt et al., 1989 Richt et al., , 1990 we studied first the influence of MHC on the susceptibility by infection of a panel of RT1 congenic strains having a BH or LEW background. Our results clearly document that the difference between LEW and BH rats is not related to the variant RT1 genes, in which these strains differ. The delay in the onset of adverse clinical symptoms and antibody production in LEW. 1F and LEW. 1K might, however, point to some modulating effect of polymorphic MHC determinants on the course of the disease. It is not possible from our findings to attribute a significant influence to class I or class II MHC gene products. If these genes do in fact contribute to susceptibility, their role is unlikely to be of great importance.
Furthermore, our studies on congenic strains for the non RTl-linked alloantigenic systems RT6 and RT7 revealed that genes responsible for lymphocyte differentiation could not be responsible for determining the resistance to BD. Our results revealed clearly that neither the RT6 nor the RT7 genes influence the course of BD. However this does not exlude the possibility that the genes relevant for controlling the BD virus infection are genetically linked to the RT6 or RT7 genes.
An unexpected pattern of host reactivities was found in F1 (LEW x BH) hybrids. Whereas the inflammatory reactions were similar in time course and severity to those in LEW rats (Narayan et al., 1983b) , there were no detectable signs of clinical disorders in spite of persistent virus infection exclusively involving neural cells. The dissociation of inflammatory lesions and clinical symptoms could not be traced to the occurrence or variations in the nature of inflammation during the course of the infection when compared with LEW rats. In contrast to LEW rats, however, changes characteristic of hydrocephalic lesions were not detected in F1 rats. This indicates that pathological responses may differ between LEW and F1 rats despite the similarity in the occurrence of perivascular infiltrates. Whether these differences may be responsible for the lack of adverse clinical symptoms in Ft rats cannot be discerned. The differences in antibody formation between infected LEW and BH rats are not that important since antibodies do not play a role in the pathogenesis of BD (Rott et al., 1988) . Although the phenomenon cannot be explained, our findings suggest that the appearance of overt clinical manifestations are inherited in a dominant fashion and that the histopathological alterations are modulated by separate genes following a different mode of inheritance. A detailed analysis of this complex pattern of genetic control requires a study of segregating populations.
There is little information available about the epidemiology of BD in nature. Extrapolating from our studies in rats, we speculate that natural hosts of BD virus may respond similarly to this infection in nature. At least four groups of factors appear to influence the course of infection in rats: route of infection, age of the host, immune status of the host (Narayan et al., 1983a, b) and genotype of the host as shown here. Our findings demonstrate that the effect of the genotype is complex and does not depend on MHC or the two non-MHC markers examined. If the factors governing the course of the disease in other species are indeed similarly complex, this could explain why overt disease in horses in endemic areas occurs only sporadically, although a viral reservoir may exist permanently (Lange et al., 1987) . These questions have recently become more important, because antibodies to BD virus were demonstrated in humans suffering from a variety of neuropsychological disorders (Rott et al., 1985) .
